How small molecules betray dust evolution in planet forming disks by Hogerheijde, M.R.
Michiel Hogerheijde
Leiden University & University of Amsterdam
Eva Bøgelund, Vachail Salinas, Mason Carney, Leon Trapman, Jeroen Terwisscha 
van Scheltinga
Ilse Cleeves, Stephano Facchini, Davide Fedele, Ryan Loomis, Karin Öberg, Charlie Qi, 
Ewine van Dishoeck  Catherine Walsh, Jonathan Williams, David Wilner, and many more
How small molecules betray 
dust evolution in planet 
forming disks
How small molecules betray 
dust evolution in planet 
forming disks
Eva Bøgelund, Vachail Salinas, Mason Carney, Leon Trapman, Jeroen Terwisscha 
van Scheltinga
Ilse Cleeves, Stephano Facchini, Davide Fedele, Ryan Loomis, Karin Öberg, Charlie Qi, 
Ewine van Dishoeck  Catherine Walsh, Jonathan Williams, David Wilner, and many more
How small molecules betray 
dust evolution in planet 
forming disks
Eva Bøgelund, Vachail Salinas, Mason Carney, Leon Trapman, Jeroen Terwisscha 
van Scheltinga
Ilse Cleeves, Stephano Facchini, Davide Fedele, Ryan Loomis, Karin Öberg, Charlie Qi, 
Ewine van Dishoeck  Catherine Walsh, Jonathan Williams, David Wilner, and many more
How small molecules betray 
dust evolution in planet 
forming disks
Eva Bøgelund, Vachail Salinas, Mason Carney, Leon Trapman, Jeroen Terwisscha 
van Scheltinga
Ilse Cleeves, Stephano Facchini, Davide Fedele, Ryan Loomis, Karin Öberg, Charlie Qi, 
Ewine van Dishoeck  Catherine Walsh, Jonathan Williams, David Wilner, and many more
ALMA2019 • Science Results and Cross-Facility Synergies • Cagliari, October 14-18 2019 • Hogerheijde
Introduction
• Disks form planets efficiently
• Exoplanets are ubiquitous
• Time scale of formation <few Myr
• Dust grows: sub-µm → mm → cm → m → km → 
planetesimals → planetary cores
• ALMA has shown significant evolution of mm-sized 
grains
• Scattered light (e.g,, SPHERE; GPI) shows rich 
structures in <µm-sized particles
• This talk: chemistry can add information about 
the evolving dust 
5
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Chemical processes
• Small dust grains are
• main source of optical/infrared opacity → temperature
• important source of ultraviolet extinction → penetration of the UV field
? dust steers chemistry
• freeze out / sublimation of volatiles if T gets low enough: snow lines/surfaces
• photodissociation of molecules when UV-field gets strong enough
• photo-desorption of volatiles off ices when UV-field is strong enough
6
tures become so low that molecules freeze out. The shielding is mostly provided by micron-sized
solid dust particles. Apart from chemical evolution, the disks are characterized by strong evolution
of the initially micron-sized dust particles towards pebbles and, finally, planets. This process has a
strong impact on the physical structure of the disks, and therefore on the chemistry.
Protoplanetary disks are a special class of accretion disks. Accretion is a mass flow caused by
the loss of potential energy due to frictional dissipation, which also leads to mechanical heating of
the gas. The velocity, temperature, and density structure of accretion disks can be described by the
conservation equations for energy, mass, and momentum. For a geometrically thin disk the time
evolution of the surface density Σ can be expressed in the form of a non-linear diffusion equation
with the viscosity ν as the regulating parameter of the diffusion process.69,70
Figure 2: Sketch of the physical and chemical structure of a ∼ 1−5 Myr old protoplanetary disk
around a Sun-like star.
The viscous stresses that are required for the evolution of accretion disks cannot be solely
provided by the molecular viscosity of the gas, which is many orders of magnitude too small to
have any considerable effect on mass and angular momentum transport. Instead, a “turbulent”
6
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N2H+ and N2D+
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Gas-phase CO inhibits formation 
of N2H+ and rapidly destroys any 
N2H+ present.

Gas-phase N2H+ means:  
no CO in the gas.
⛔
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N2H+ and N2D+
• Rings of N2H+ outside the CO snow line / surface
8
TW Hya
V. N. Salinas et al.: Di↵erent deuteration regimes in the disk around HD 163296
Fig. 1. Integrated intensity maps of DCO+, N2D+, and DCN with (lower panels) and without (upper panels) a Keplerian mask as explained in
Appendix A. The resulting synthesized beams of 000.53⇥ 000.42 for DCO+ and DCN, and 000.50 ⇥ 000.39 for N2D+ using natural weighting are shown
at the lower left of each map. Contours are 1  levels, where   is estimated as the rms of an emission free region in the sky.
Table 1. Summary of our line observations.
Line transition Frequency Integrated intensity Beam Channel rms
(GHz) (mJy km s 1) (mJy/beam)
DCO+ J = 3 2 216.112 1270.45 ± 5.8 000.53 ⇥ 000.42 3.25
DCN J = 3 2 217.238 104.4 ± 5.6 000.53 ⇥ 000.42 3.11
N2D+ J = 3–2 231.321 61.6 ± 7.5 000.50 ⇥ 000.39 3.37
Notes. Line parameters of CLEAN images using natural weighting. The velocity integrated fluxes and their respective errors are calculated with a
Keplerian mask as explained in Appendix A.
species using the values of the velocity integrated line inten-
sities from Table 1. In general, our estimates do not di↵er by
more than a factor of 2 within the excitation temperature ranges.
Table 3 shows estimated disk-averaged Df values for each of our
species using the disk-averaged column densities from Table 2.
We take the velocity integrated flux values of past line detections
of H13CO+ J = 3 2 (620 mJy beam 1 km s 1), H13CN J = 3 2
(170 mJy beam 1 km s 1) (Huang et al. 2017), N2H+ J = 3 2
(520 mJy beam 1 km s 1) (Qi et al. 2015), and Eq. (1) to de-
rive disk-average column densities assuming a 12C/13C ratio of
69 (Wilson 1999). The 12C/13C ratio can vary in disks between
di↵erent C-bearing species (Woods & Willacy 2009). Higher or
lower 12C/13C ratios for these species change Df linearly. These
Df values are only lower limits as the species might not be spa-
tially colocated.
4. Parametric modeling
4.1. Deuterium chemistry
The D/H ratio is specially useful to constrain the physical con-
ditions of protoplanetary disks since an enhancement in this
ratio is a direct consequence of the energy barrier of the re-
actions that deuterate simple molecules. We can distinguish
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Flower (1999) based on HCO+ collisional rates with H2 and the
molecular data ﬁles are etrieved from the Leiden Atomic and
Molecular Database (Schöier et al. 2005).
Figure 2 compares the observed N2H
+ emission map with
the best-ﬁt model (Table 2). See Table 3 of Qi et al. (2011) for
other related disk model parameters, including disk inclination
and orientation. The best-ﬁt model matches the observations
very well: the residual image shows no signiﬁcant emission
above the 3σ level. Based on this model, the N2H
+ column
density is 2.6 ± 0.1 × 1011 cm−2 at 100 AU and the power-law
index is −0.7. The most important parameter in the model ﬁt is
Rin, since it is associated with the CO snow line location. We
ﬁnd Rin = 90 6
8
-
+ AU. Note that this radius is 65 AU interior to
the CO snow line location estimated by Qi et al. (2011). The
N2H
+ inner edge corresponds to a midplane temperature of
25 K in the underlying model of the disk structure.
3.2. C18O Constraints on the CO Snow Line
The CO snow line location that would be implied by the
N2H
+ inner ring edge is in clear conﬂict with the value derived
by Qi et al. (2011), which was based on modeling the 13CO line
emission. Here we (re-)analyze the spatially resolved CO
isotopologue emission from the HD 163296 disk using the
same model framework as outlined above and ALMA archival
13CO and C18O data.
As a ﬁrst step we repeated the analysis presented in Qi et al.
(2011) using the new 13CO J = 2−1 data from ALMA, with
substantially improved sensitivity (Qi et al. 2011 used
Submillimeter Array observations). Doing so, we recover the
best-ﬁt model presented by Qi et al. (2011), with a CO snow
line at 155 AU. Next, we tried to ﬁt the new ALMA C18O
J = 2−1 data using the same model structure and CO snow line
location, but with the fractional abundance of C18O as a free
parameter. Figure 3 (top panels) demonstrates that such a
model cannot ﬁt the C18O data very well. The model with a
155 AU snow line systematically overpredicts the C18O
emission interior to 155 AU and underpredicts it at larger
radii, regardless of the level of CO depletion, indicating that
there is no sharp drop in the CO abundance at 155 AU.
Compared to 13CO, C18O should be less affected by opacity
effects and therefore provide a more direct constraint on the CO
column density proﬁle.
The failure of the model to reproduce the C18O emission
morphology with a ﬁxed 155 AU snow line suggests that 13CO
emission is not a robust tracer of CO depletion by freeze-out.
One possible explanation of this discrepancy is that the 13CO
line is optically thick out to ∼155 AU; the apparent 155 AU
snow line inferred by Qi et al. (2011) actually reﬂects the
transition to optically thin emission, with a pronounced
intensity drop without a corresponding column density
decrease. In order to maintain high 13CO optical depths at
such large radii, there must be some midplane gas-phase CO
abu dance exterior to the CO snow line. Qi et al. (2011)
assum d complete fr eze-out of CO whenever the temperature
is below a critical value. However, non-thermal desorption
mechanisms (e.g., UV photodesorption) can maintain a
relatively large CO fraction in the gas phase (Öberg
et al. 2008) at the low densities present in the outer disk.
The C18O isotopologue is expected to be ∼8× less abundant
than 13CO, and therefore its emission morphology is much less
likely to be affected by these opacity effects. To explore its
ability to constrain the CO snow line, we repeated the analysis
methodology described by Qi et al. (2011), but now with both
the CO freeze-out temperature (TCO) and the CO freeze-out
fraction (depletion factor; FCO) as free parameters (while ﬁxing
the surface boundary σs as 0.79 to keep the problem
computationally tractable). The lower boundary (toward mid-
plane) is still governed by TCO, and the abundance of CO drops
substantially when T < TCO but not to 0, i.e., no complete
freeze-out of CO. We ﬁnd a best-ﬁt TCO = 25–26 K, which
occurs at a radius of 85–90 AU for the adopted disk structure.
The best-ﬁt C18O abundance is 9 × 10−8, corresponding to
CO abundance of 5 × 10−5 assuming an abundance ratio of
CO/C18O = 550, and the depletion factor is about 5. The
depletion factor depends on the detailed thermal and non-
thermal desorption processes of CO ice across the disk.
However, in this model approach, it is ﬁt as a constant and the
value of the depletion factor doesn’t affect the derived value of
TCO or the location of the CO snow line RCO in our model ﬁt.
The bottom panel of Figure 3 shows the C18O column density
proﬁle of the best-ﬁt model compared with the original Qi et al.
(2011) model. In this model, the optical depth of 13CO J = 2−1
is about unity at around 155 AU (with 13CO column density
around 7× 1016 cm−1 assuming 13CO/C18O is around 8),
where dashed blue ellipses mark the transition from optically
thick to thin for 13CO J = 2−1 emission. The match of the
Figure 2. N2H
+ 3 − 2 observations, simulated observations of the best-ﬁt N2H+ model, and the imaged residuals, calculated from the visibilities. The red ellipse
marks the best-ﬁt inner radius of the N2H
+ ring at 90 AU, the CO snow line in the disk midplane. The residual shows also the contours in steps of 3σ. The integrated
line emission scale is shown to the right of the upper right panel. Synthesized beams are drawn in the bottom left corner of each panel.
4
The Astrophysical Journal, 813:128 (9pp), 2015 November 10 Qi et al.
planetesimals by concentrating solid particles and prevent-
ing them from accreting onto the star [18,19]. In the last
case, a circular gap is expected when a forming planet is
orbiting in a disk. The orbital radius and mass of the pla et
can be inferred from the location and shape of this gap [17].
For HL Tau, it has been suggested that the observed ringed
structure is due to the presence of Saturn-mass planets
orbiting at several tens of A.U. from the central star [20].
This implies that giant planets can form on much shorter
time scales, and at much larger distances from the central
star, than predicted by current planet formation models [6].
The initial results of ALMA observations are promising
but key questions remain unanswered. In particular, it is not
clear if ringlike structures are common to all protoplanetary
disks. ALMA high angular resolution observations targeted
the most luminous disks fir t, and these may not b
representative of the bulk of the disk population.
Furthermore, dust continuum images do not probe the
distribution of the circumstellar gas and thus c nnot
distinguish unambiguously between different formation
processes. Addressing such questions requires a multi-
pronged approach involving both large continuum surveys
of nearby protoplanetary disks with ALMA and in-depth
multiwavelength studies of the most relevant structures
revealed.
In this Letter, we report on the structure of the HD
163296 disk as revealed by ALMA observations of the dust
continuum emission and also line emission from three
isotopologues of carbon monoxide, 12CO, 13CO, and C18O.
HD 163296 is a young (5 Myr) intermediate mass (2.3M⊙)
FIG. 1. ALMA images of the HD 163296 disk emission recorded in 1.3 mm dust continuum (top left), 12CO (top middle), 13CO
(bottom left), and C18O (bottom middle) J ¼ 2 − 1 line emission. The angular resolution of the observations, 0.2200 × 0.1400, is indicated
by the filled white ellipse in the continuum image. The dashed ellipses in the CO maps indicate the locations of the dark rings seeing in
the continuum map. Azimuthally averaged profiles, normalized to the peak intensities, are shown in the right panels. They are calculated
by averaging on elliptical annuli with a position angle of 132°, an eccentricity of 0.7, and a width equal to 1=4 of the angular resolution
of the observations. The error bars are calculated by dividing the root mean square noise of the observations (see Table I in
the Supplemental Material [26]) by the square root of the number of independent beams in each annulus. The vertical lines indicate the
position of the dark (D) and bright (B) rings observed in the continuum map. The horizontal bar in the top right panel indicates the
angular resolution of the observations.
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N2H+: a caveat
• Caveats (e.g., van ’t Hoff+17):
• ‘Snow line’ defined as 50%-CO freeze out, but N2H+ requires much larger 
CO depletion → ring moves outward
• N2H+ also formed in upper layer where CO is already photodissociated but 
N2 isn’t yet.
• Schwarz+19: excitation of N2H+ in TW Hya is high (~40 K)
9
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N2H+ and the ‘missing CO’ mass
• Corollary: N2H+ traces disk gas that is ‘CO-dark’ → solves ‘missing mass’ 
problem
• Ongoing work by Trapman et al.
• Gas-poor vs gas-rich models predict very different N2H+ lines
• Model predictions for several disks in Lupus:
• For recent observations of N2H+ as a gas tracer: see Anderson+19
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Figure 3: Modelled N2H+ 3-2 fluxes of the disks in our sample for the two scenarios that match the
observed 13CO fluxes.
Figure 4: Modelled N2H+ 3-2 spectra of the disks in our sample. The black line shows the 5 
sensitivity limit.
3
time to reach the same sensitivity as the rest of our sample. It is therefore a natural cuto↵ to limit
our sample. Note that Sz 83, our weakest source in total N2H+ flux, has a very narrow line profile and
is therefore brighter per channel than some of our other sources. The Lupus star forming region also
contains the extraordinary source IM Lup, which has been extensively studied by ALMA (Cleeves
et al. 2016), including in N2H+ 3–2 (unpublished archival data); we will add IM Lup to our study as
well, although it has to be stressed that this source is a real outlier within Lupus. SMA observations
of IM Lup report a integrated N2H+ 3–2 line flux of 1.59 Jy km s 1, making it 6 times brighter that
the brightest disk in our sample (O¨berg et al. 2011b) . We rejected all known large transitional disks
from our consideration, because their structure cannot be easily parametrized as we did for the other
disks, and they may represent a di↵erent evolutionary stage. We note that small scale structures
may be present in our selected disks including unresolved gaps, but this is not a problem: TW Hya
is known to have a disk rich in substructure on small scales including a 4 au inner disk hole (e.g.,
Andrews et al. 2016), and yet it harbors a N2H+ ring following CO freeze out as expected.
Figure 4: Left: Integrated N2H+ 3-2 line fluxes of resolved disk in Lupus. Our subsample is marked in orange
and contains the objects predicted to be the brightest. Right: Moment zero maps produced from simulated ALMA
observations of our subsample. Gray scale contours levels are denoted in the colorbar.
Figure 5: Source properties of the disks in our sample. The first three panels show the dust mass, gas mass and
gas-to-dust ratios determined from earlier observations (Ansdell et al. 2016, Miotello et al. 2017). The rightmost
panel shows the expected SNR of the N2H+ 3–2 emission in a 0.2 km s 1 channel.
1.3 Objectives
We aim to detect N2H+ 3–2 in seven of the largest (non-transitional) disks in Lupus
(Ansdell et al. 2016). We select the 3–2 line because this gives the best SNR in the same amount of
observing time compared to ohter transitions. With our requested high spectral resolution, we will
obtain detailed velocity profiles for the brightest sources. By binning multiple channels to
3
200 au
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1.3 Objectives
We aim to detect N2H+ 3–2 in seven of the largest (non-transitional) disks in Lupus
(Ansdell et al. 2016). We select the 3–2 line because this gives the best SNR in the same amount of
observing time compared to ohter transitions. With our requested high spectral resolution, we will
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200 au
N2H+ is a good tracer of CO-dark gas. 
Use as snow-surface tracer is complicated. 
? informs about the gas but less directly 
about the dust-regulated temperature.
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DCO+
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Below ~20 K, H2D+ is favored.

Gas-phase CO inhibits formation of H2D+.

A small amount of CO is needed to convert H2D+ into DCO+.

Gas-phase DCO+ means:  
CO is largely, but not completely, gone from the gas.
HD H2D+ H2+ + + 230 K
H2
Coincidentally, CO 
freezes out at ~20 K
⛔
ALMA2019 • Science Results and Cross-Facility Synergies • Cagliari, October 14-18 2019 • Hogerheijde
DCO+
• HD169142:
• DCO+ traces cold region outside outer ‘mm ring’, not otherwise detectable
13
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M. T. Carney et al.: DCO+ in HD 169142
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Fig. 1. Top-left: integrated intensity map of the DCO+ J = 3   2 line from 5.4–8.8 km s 1 after applying a Keplerian mask to the image cube. The
synthesized beam and AU scale are shown in the lower corners. Top-right: DCO+ J = 3   2 integrated intensity map overlaid with white marking
the model inner dust cavity, the inner dust ring (R1, hatched), the dust gap, and the outer dust ring (R2, hatched). The synthesized beam and AU
scale are shown in the lower corners. Bottom-left: velocity-weighted coordinate map of the DCO+ J = 3   2 line, clipped at 3.5 . Solid black
contours show the 233 GHz/1.3 mm emission at 7.0 ⇥ 10 5 Jy beam 1 (1 ) ⇥ [5, 50, 200]. The synthesized beam and AU scale are shown in the
lower corners. Bottom-right: disk-integrated spectrum of the DCO+ J = 3   2 line before Keplerian masking, Hanning smoothed to 0.17 km s 1
channels. The horizontal dashed black line indicates the continuum-subtracted spectral baseline. The vertical red line shows the systemic velocity
at 6.9 km s 1.
DCO+ image. We instead use a Keplerian mask to improve the
signal-to-noise ratio of the DCO+ integrated intensity image,
thus retaining the high spatial resolution. We also present exten-
sive modeling of the DCO+ emission to explore the sensitivity of
the emission to the disk physical conditions. Table 1 summarizes
the observational parameters for the DCO+ J = 3   2 emission
in this work.
3. Results
The DCO+ J = 3   2 line in the disk around HD 169142
was readily detected and imaged at 0.3700 ⇥ 0.2300 [43⇥
27 AU at 117 pc] spatial resolution, with beam PA = –74.8 .
The systemic velocity is 6.9 km s 1 (Fedele et al. 2017). The
spectrum shown in Fig. 1 was extracted from the original
self-calibrated, continuum-subtracted CLEAN image. The right
ascension and declination axes of the image cube are collapsed
over a circular region with radius 1.7500 centered on the source
position.
To enhance the S/N of the DCO+ emission maps and radial
profile, a mask in right ascension, declination, and velocity
was applied to the original image cube data, following Carney
et al. (2017) and Salinas et al. (2017). The mask is based on
the velocity profile of a rotating disk, which is assumed to
be Keplerian around a central stellar mass of M = 1.65 M 
(Blondel & Djie 2006). A subset of pixels are identified in each
velocity channel where the pixel Keplerian velocity matches
the Doppler-shifted line velocity. Pixels with velocities that do
not match the Keplerian rotational profile criteria are masked.
Appendix B shows the DCO+ J = 3   2 channel maps with
the Keplerian mask outline visible as the blue contours. To
obtain the integrated line flux for DCO+ J = 3   2 reported in
Table 1, the spectrum was extracted from the image cube after
applying the Keplerian mask and integrated over the velocity
range 5.4–8.8 km s 1.
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D. Fedele et al.: ALMA unveils rings and gaps in the protoplanetary system HD 169142: signatures of two giant protoplanets
Fig. 1. (Left) ALMA 1.3mm continuum map with Briggs weighting, robust= 0.5. (Center) Overlaid with the position and size of the inner dust
cavity and gap, and the position of the L0-band point-like feature. (Right) NaCo H-band polarimetric di↵erential image (Quanz et al. 2013).
di↵erent weighting schemes, Briggs (Briggs 1995), uniform and
superuniform (Table 1). In the remaining paper we adopt the
first (which provides the minimum rms). For the lines, clean
imaging was made with natural weighting. Data reduction was
performed with the Common Astronomy Software Applications
(casa, McMullin et al. 2007).
4. Results
The 1.3 mm continuum and all the three CO isotopolog lines
are readily detected. Figures 1–3 show the dust continuum map,
the line-integrated intensity maps, and the radial profiles, re-
spectively. The channel maps of the three lines are presented in
Figs. A.1–A.3 in the appendix.
4.1. Dust continuum emission
The 1.3mm continuum map (Fig. 1) and the radial profile
(Fig. 3) reveal a double-ring structure in the dust distribution
with an inner cavity ⇠000.17 in radius and a dust gap between
⇠000.28 000.48, confirming the earlier findings of Osorio et al.
(2014). The dust continuum emission drops steeply beyond
000.64. The di↵erent structures are highlighted in Fig. 1 (center
panel) along with the position of the point-like L0-band emis-
sion (Biller et al. 2014; Reggiani et al. 2014). The radial profile
(Fig. 3) is shown at two di↵erent position angles, PA = 5  (ma-
jor axis) and PA = 95  (minor axis). Along the minor axis, the
continuum is slightly asymmetric, with the west side brighter
than the east side. The flux di↵erence between the two sides is
⇠17mJy (⇠2.5 ).
The ALMA continuum map shows some similarities with
the H-band polarimetric di↵erential imaging (PDI, Quanz et al.
2013; Momose et al. 2015). The NaCo H-band PDI image is
shown in Fig. 1, and Fig. 4 shows the radial intensity profile.
The position and size of the inner dust ring and gap are consistent
between both wavelength ranges. In the outer disk, the ALMA
continuum emission is clearly more compact than the H-band
emission (Fig. 4).
The dearth of dust continuum emission inside the inner dust
cavity and the dust gap together with the similarities between
the H-band PDI and the dust continuum emission suggest that
the cavity and the gap are due to a substantial depletion of dust
particles. An upper limit to the dust mass inside the gap can be
estimated from the rms of the continuum flux density (Table 1).
With the assumption of optically thin emission, the dust mass is
(e.g., Roccatagliata et al. 2009)
Mdust,gap =
S ⌫,gap d2
k⌫ B⌫ (Tdust,gap)
, (1)
where S ⌫,gap (Jy) is the upper limit on the flux density, d (cm)
the distance, k⌫ = 2 (cm2 g 1) the mass absorption coe cient at
230GHz (Beckwith et al. 1990), Tdust,gap (K) the dust tempera-
ture inside the gap and B⌫ (Jy sr 1) the Planck function. We as-
sume Tdust,gap = 50K (see Fig. 5). The flux density upper limit
is computed by adopting a constant flux of 2.1⇥ 10 4 Jy beam 1
(i.e., 3 ⇥ rms) over the entire gap area. This corresponds to a
dust mass 3  upper limit of ⇠0.3 M . With the same assump-
tions, the dust mass upper limit inside the cavity (assuming
Tdust,cavity = 150K, Fig. 5) is ⇠10 2 M .
4.2. CO isotopolog emission
The integrated-intensity maps (Fig. 2) a d the radial profile
(Fig. 3) of the three CO isotopol gs show di↵erent intensity dis-
tributions: the 12CO emission is centrally concentrated with most
of the line intensity originating within a ⇠000.20 radius; t peak
of the 13CO emission corresponds to that of 12CO, but with a sec-
ondary ring-like structure farther out in the disk; in the case of
C18O, the emission map shows an inner (weak) ring centered on
⇠000.1 000.2 and a (strong) outer ring peaking at ⇠000.55 with a tail
up to ⇠100.7. The gas emission is more extended than the dust con-
tinuum emission (Fig. 3). Moreover, the H-band scattered-light
emission in the outer disk follows the same intensity distribution
as that of 12CO.
The positions of the two C18O p aks are spati lly coincident
with the location of the dust rings. Along the disk minor axis, the
C18O is slightly asymmetric, with the west side brighter than the
east side (similar to the continuum asymmetry). The flux di↵er-
ence between the two peaks is ⇠18mJy (⇠3 ). The line emis-
sion maps are consistent with a disk inclination of 13  and a
position angle of the disk major axis of 5 .
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Fig. 2. (Top) Integrated intensity maps (natural weighting) of 12CO (left), 13CO (center), and C18O (r ght) J = 2 1, (bot om) verlaid with the dust
rings structure.
The di↵erent radial distributions of the emission from the
three isotopologs is readily explained by an optical depth e↵ect
because the J = 2 1 transition of the three species has di↵er-
ent ⌧, with ⌧(12CO) > ⌧(13CO) > ⌧(C18O). The optically thick
12CO emission is mostly sensitive to the gas temperature, and
as a consequence, its line intensity peaks toward the central hot-
ter region of the disk. As the optical depth decreases, the line
emission is less sensitive to the gas temperature and more sensi-
tive to the gas column density. This is clear from the distribution
of 13CO and C18O: in the first case, the emission is less peaked
(than 12CO) toward the central region, and it also shows a sec-
ondary peak (ring-shaped) in the outer colder disk. Finally, the
optically thin C18O emission mostly originates in the outer disk,
which shows a clear ring-like structure. The ring-like shape seen
in the 13CO and C18O emission map is spatially coincident with
the outer dust ring.
4.3. Disk surface density
The spatial distribution of the emission of the three isotopologs
provides direct insight into the gas content in the disk: the strong
centrally peaked 12CO emission indicates gas inside the dust gap
and the dust cavity. On the other hand, the line intensity map
of 13CO and in particular C18O implies a substantial drop in
gas surface density by a factor  gas on the order of ⇠100 inside
the dust gap and cavity (see Sect. 5). The similar intensity pro-
files of the scattered light and 12CO emission in the outer disk
is a strong indication that the small dust grains are dynamically
and thermally coupled to the gas in the outermost layers of the
disk. The intensity drop in the inner disk is also clearly vis-
ible in the individual channel maps shown in Figs. A.1–A.3
in the appendix
The significance of the asymmetric emission along the minor
axis (continuum and C18O) is low (.3 ), and more observations
are needed to confirm this structure.
5. Analysis
In this section the ALMA observations of the 1.3mm contin-
uum and of the three CO isotopologs are compared with thermo-
chemical disk model simulations. The goal is to quantify the de-
crease in dust and gas in the cavity and gap that we identified in
the images.
5.1. Disk model description
The simulations presented here were generated using the
thermo-chemical disk code dali (Dust and Lines, Bruderer et al.
2012; Bruderer 2013). In this example, dali takes as input a
Te↵ = 8400K blackbody radiation field to simulate the stellar
spectrum and a power-law surface density structure with an ex-
ponential tail
⌃gas(R) = ⌃c
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Rc
!  
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• extent limited by return of photodesorbed CO / radial temperature 
inversion
• DCO+ inside 100 AU formed through a warmer deuteration channel 
(involves CH2D+, C2HD+, etc)
planetesimals by concentrating solid particles and prevent-
ing them from accreting onto the star [18,19]. In the last
case, a circular gap is expected when a forming planet is
orbiting in a disk. The orbital radius and mass of the planet
can be inferred from the location and shape of this gap [17].
For HL Tau, it has been suggested that the observed ringed
structure is due to the presence of Saturn-mass planets
orbiting at several tens of A.U. from the central star [20].
This implies that giant planets can form on much shorter
time scales, and at much larger distances from the central
star, than predicted by current planet formation models [6].
The initial results of ALMA observations are promising
but key questions remain unanswered. In particular, it is not
clear if ringlike structures are common to all protoplanetary
disks. ALMA high angular resolution observations targeted
the most luminous disks first, and these may not be
representative of the bulk of the disk population.
Furthermore, dust continuum images do not probe the
distribution of the circumstellar gas and thus cannot
distinguish unambiguously between different formation
processes. Addressing such questions requires a multi-
pronged approach involving both large continuum surveys
of nearby protoplanetary disks with ALMA and in-depth
multiwavelength studies of the most relevant structures
revealed.
In this Letter, we report on the structure of the HD
163296 disk as revealed by ALMA observations of the dust
continuum emission and also line emission from three
isotopologues of carbon monoxide, 12CO, 13CO, and C18O.
HD 163296 is a young (5 Myr) intermediate mass (2.3M⊙)
FIG. 1. ALMA images of the HD 163296 disk emission recorded in 1.3 mm dust continuum (top left), 12CO (top middle), 13CO
(bottom left), and C18O (bottom middle) J ¼ 2 − 1 line emission. The angular resolution of the observations, 0.2200 × 0.1400, is indicated
by the filled white ellipse in the continuum image. The dashed ellipses in the CO maps indicate the locations of the dark rings seeing in
the continuum map. Azimuthally averaged profiles, normalized to the peak intensities, are shown in the right panels. They are calculated
by averaging on elliptical annuli with a position angle of 132°, an eccentricity of 0.7, and a width equal to 1=4 of the angular resolution
of the observations. The error bars are calculated by dividing the root mean square noise of the observations (see Table I in
the Supplemental Material [26]) by the square root of the number of independent beams in each annulus. The vertical lines indicate the
position of the dark (D) and bright (B) rings observed in the continuum map. The horizontal bar in the top right panel indicates the
angular resolution of the observations.
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Fig. 1. Integrated intens ty maps of DCO+, N2D+, and DCN with (lower panels) and without (upper panels) a Keplerian mask as explained in
Appendix A. The resulting synthesized beams of 000.53⇥ 000.42 for DCO+ and DCN, and 000.50 ⇥ 000.39 for N2D+ using natural weighting are shown
at the lo er left of each map. Contours are 1  levels, where   is estimated as the rms of an emission free region in the sky.
Table 1. Summary of our line observations.
Line transition Frequency Integrated intensity Beam Channel rms
(GHz) (mJy km s 1) (mJy/beam)
DCO+ J = 3 2 216.112 1270.45 ± 5.8 000.53 ⇥ 000.42 3.25
DCN J = 3 2 217.238 104.4 ± 5.6 000.53 ⇥ 000.42 3.11
N2D+ J = 3–2 231.321 61.6 ± 7.5 000.50 ⇥ 000.39 3.37
Notes. Line parameters of CLEAN images using natural weighting. The velocity integrated fluxes and their respective errors are calculated with a
Keplerian mask as explained in Appendix A.
species using the values of the velocity integrated line inten-
sities from Table 1. In general, our estimates do not di↵er by
more than a factor of 2 within the excitation temperature ranges.
Table 3 shows estimated disk-averaged Df values for each of our
species using the disk-averaged column densities from Table 2.
We take the velocity integrated flux values of past line detections
of H13CO+ J = 3 2 (620 mJy beam 1 km s 1), H13CN J = 3 2
(170 mJy beam 1 km s 1) (Huang et al. 2017), N2H+ J = 3 2
(520 mJy beam 1 km s 1) (Qi et al. 2015), and Eq. (1) to de-
rive disk-average column densities assuming a 12C/13C ratio of
69 (Wilson 1999). The 12C/13C ratio can vary in disks between
di↵erent C-bearing species (Woods & Willacy 2009). Higher or
lower 12C/13C ratios for these species change Df linearly. These
Df values are only lower limits as the species might not be spa-
tially colocated.
4. Parametric modeling
4.1. Deuterium chemistry
The D/H ratio is specially useful to constrain the physical con-
ditions of protoplanetary disks since an enhancement in this
ratio is a direct consequence of the energy barrier of the re-
actions that deuterate simple molecules. We can distinguish
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planetesimals by concentrating solid particles and prevent-
ing them from accreting onto the star [18,19]. In the last
case, a circular gap is expected when a forming planet is
orbiting in a disk. The orbital radius and mass of the planet
can be inferred from the location and shape of this gap [17].
For HL Tau, it has been suggested that the observed ringed
structure is due to the presence of Saturn-mass planets
orbiting at several tens of A.U. from the central star [20].
This implies that giant planets can form on much shorter
time scales, and at much larger distances from the central
star, than predicted by current planet formation models [6].
The initial results of ALMA observations are promising
but key questions remain unanswered. In particular, it is not
clear if ringlike structures are common to all protoplanetary
disks. ALMA high angular resolution observations targeted
the most luminous disks first, and these may not be
representative of the bulk of the disk population.
Furthermore, dust continuum images do not probe the
distribution of the circumstellar gas and thus cannot
distinguish unambiguously between different formation
processes. Addressing such questions requires a multi-
pronged approach involving both large continuum surveys
of nearby protoplanetary disks with ALMA and in-depth
multiwavelength studies of the most relevant structures
revealed.
In this Letter, we report on the structure of the HD
163296 disk as revealed by ALMA observations of the dust
continuum emission and also line emission from three
isotopologues of carbon monoxide, 12CO, 13CO, and C18O.
HD 163296 is a young (5 Myr) intermediate mass (2.3M⊙)
FIG. 1. ALMA images of the HD 163296 d sk emission rec rded in 1.3 mm dust continuum (top left), 12CO (top middle), 13CO
(bottom left), a d C18O (bottom middle) J ¼ 2 − 1 line emission. The angular resolutio of the observ ti ns, 0.2200 × 0.1400, is indicated
by filled white ellipse in the continuum image. The dashed ellipses in the CO maps indicate the locati ns of the dark rings seeing
continuum map. Azimuthally averaged p ofiles, normalized to the peak i tensiti s, are shown i the right panels. They are calcula ed
by averaging on elliptical annul with a position angle of 132°, an eccentricity of 0.7, and a width equal to 1=4 of the angular resolution
of the ob ervations. The error bars are calculated by dividing the root mean square noise of the observations (see Table I in
the Supplemental Material [26]) by the square root of the number of independent beams in each annulus. The vertical lines indicate the
position of the dark (D) and bright (B) rings observed in the continuum map. The horizontal bar in the top right panel indicates the
angular resolution of the observations.
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• extent limited by return of photodesorbed CO / radial temperature 
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planetesimals by concentrating solid particles and prevent-
ing them from accreting onto the star [18,19]. In the last
case, a circular gap is expected when a forming planet is
orbiting in a disk. The orbital radius and mass of the planet
can be inferred from the location and shape of this gap [17].
For HL Tau, it has been suggested that the observed ringed
structure is due to the presence of Saturn-mass planets
orbiting at several tens of A.U. from the central star [20].
This implies that giant planets can form on much shorter
time scales, and at much larger distances from the central
star, than predicted by current planet formation models [6].
The initial results of ALMA observations are promising
but key questions remain unanswered. In particular, it is not
clear if ringlike structures are common to all protoplanetary
disks. ALMA high angular resolution observations targeted
the most luminous disks first, and these may not be
representative of the bulk of the disk population.
Furthermore, dust continuum images do not probe the
distribution of the circumstellar gas and thus cannot
distinguish unambiguously between different formation
processes. Addressing such questions requires a multi-
pronged approach involving both large continuum surveys
of nearby protoplanetary disks with ALMA and in-depth
multiwavelength studies of the most relevant structures
revealed.
In this Letter, we report on the structure of the HD
163296 disk as revealed by ALMA observations of the dust
continuum emission and also line emission from three
isotopologues of carbon monoxide, 12CO, 13CO, and C18O.
HD 163296 is a young (5 Myr) intermediate mass (2.3M⊙)
FIG. 1. ALMA images of the HD 163296 disk emission recorded in 1.3 mm dust continuum (top left), 12CO (top middle), 13CO
(bottom left), and C18O (bottom middle) J ¼ 2 − 1 line emission. The angular resolution of the observations, 0.2200 × 0.1400, is indicated
by the filled white ellipse in the continuum image. The dashed ellipses in the CO maps indicate the locations of the dark rings seeing in
the continuum map. Azimuthally averaged profiles, normalized to the peak intensities, are shown in the right panels. They are calculated
by averaging on elliptical annuli with a position angle of 132°, an eccentricity of 0.7, and a width equal to 1=4 of the angular resolution
of the observations. The error bars are calculated by dividing the root mean square noise of the observations (see Table I in
the Supplemental Material [26]) by the square root of the number of independent beams in each annulus. The vertical lines indicate the
position of the dark (D) and bright (B) rings observed in the continuum map. The horizontal bar in the top right panel indicates the
angular resolution of the observations.
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Fig. 1. Integrated intens ty maps of DCO+, N2D+, and DCN with (lower panels) and without (upper panels) a Keplerian mask as explained in
Appendix A. The resulting synthesized beams of 000.53⇥ 000.42 for DCO+ and DCN, and 000.50 ⇥ 000.39 for N2D+ using natural weighting are shown
at the lo er left of each map. Contours are 1  levels, where   is estimated as the rms of an emission free region in the sky.
Table 1. Summary of our line observations.
Line transition Frequency Integrated intensity Beam Channel rms
(GHz) (mJy km s 1) (mJy/beam)
DCO+ J = 3 2 216.112 1270.45 ± 5.8 000.53 ⇥ 000.42 3.25
DCN J = 3 2 217.238 104.4 ± 5.6 000.53 ⇥ 000.42 3.11
N2D+ J = 3–2 231.321 61.6 ± 7.5 000.50 ⇥ 000.39 3.37
Notes. Line parameters of CLEAN images using natural weighting. The velocity integrated fluxes and their respective errors are calculated with a
Keplerian mask as explained in Appendix A.
species using the values of the velocity integrated line inten-
sities from Table 1. In general, our estimates do not di↵er by
more than a factor of 2 within the excitation temperature ranges.
Table 3 shows estimated disk-averaged Df values for each of our
species using the disk-averaged column densities from Table 2.
We take the velocity integrated flux values of past line detections
of H13CO+ J = 3 2 (620 mJy beam 1 km s 1), H13CN J = 3 2
(170 mJy beam 1 km s 1) (Huang et al. 2017), N2H+ J = 3 2
(520 mJy beam 1 km s 1) (Qi et al. 2015), and Eq. (1) to de-
rive disk-average column densities assuming a 12C/13C ratio of
69 (Wilson 1999). The 12C/13C ratio can vary in disks between
di↵erent C-bearing species (Woods & Willacy 2009). Higher or
lower 12C/13C ratios for these species change Df linearly. These
Df values are only lower limits as the species might not be spa-
tially colocated.
4. Parametric modeling
4.1. Deuterium chemistry
The D/H ratio is specially useful to constrain the physical con-
ditions of protoplanetary disks since an enhancement in this
ratio is a direct consequence of the energy barrier of the re-
actions that deuterate simple molecules. We can distinguish
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planetesimals by concentrating solid particles and prevent-
ing them from accreting onto the star [18,19]. In the last
case, a circular gap is expected when a forming planet is
orbiting in a disk. The orbital radius and mass of the planet
can be inferred from the location and shape of this gap [17].
For HL Tau, it has been suggested that the observed ringed
structure is due to the presence of Saturn-mass planets
orbiting at several tens of A.U. from the central star [20].
This implies that giant planets can form on much shorter
time scales, and at much larger distances from the central
star, than predicted by current planet formation models [6].
The initial results of ALMA observations are promising
but key questions remain unanswered. In particular, it is not
clear if ringlike structures are common to all protoplanetary
disks. ALMA high angular resolution observations targeted
the most luminous disks first, and these may not be
representative of the bulk of the disk population.
Furthermore, dust continuum images do not probe the
distribution of the circumstellar gas and thus cannot
distinguish unambiguously between different formation
processes. Addressing such questions requires a multi-
pronged approach involving both large continuum surveys
of nearby protoplanetary disks with ALMA and in-depth
multiwavelength studies of the most relevant structures
revealed.
In this Letter, we report on the structure of the HD
163296 disk as revealed by ALMA observations of the dust
continuum emission and also line emission from three
isotopologues of carbon monoxide, 12CO, 13CO, and C18O.
HD 163296 is a young (5 Myr) intermediate mass (2.3M⊙)
FIG. 1. ALMA images of the HD 163296 d sk emission rec rded in 1.3 mm dust continuum (top left), 12CO (top middle), 13CO
(bottom left), a d C18O (bottom middle) J ¼ 2 − 1 line emission. The angular resolutio of the observ ti ns, 0.2200 × 0.1400, is indicated
by filled white ellipse in the continuum image. The dashed ellipses in the CO maps indicate the locati ns of the dark rings seeing
continuum map. Azimuthally averaged p ofiles, normalized to the peak i tensiti s, are shown i the right panels. They are calcula ed
by averaging on elliptical annul with a position angle of 132°, an eccentricity of 0.7, and a width equal to 1=4 of the angular resolution
of the ob ervations. The error bars are calculated by dividing the root mean square noise of the observations (see Table I in
the Supplemental Material [26]) by the square root of the number of independent beams in each annulus. The vertical lines indicate the
position of the dark (D) and bright (B) rings observed in the continuum map. The horizontal bar in the top right panel indicates the
angular resolution of the observations.
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M. T. Carney et al.: H2CO in HD 163296
Fig. 2. Moment maps and radial profile of H2CO 303–202. Left: moment 1 map from 0.76–10.84 km s 1, clipped at 3 . Solid black contours show
the 225 GHz/1.3 mm emission at 5.0 ⇥ 10 5 (1 ) ⇥ [5, 10, 25, 50, 100, 300, 500, 1000, 1500, 2000] Jy beam 1. Synthesized beam and AU scale
are shown in the lower corners. Center: moment 0 map integrated over 0.76–10.84 km s 1 after applying a Keplerian mask. Synthesized beam
and AU scale are shown in the lower corners. Right: radial intensity curve from azimuthally-averaged elliptical annuli projected to i = 44 , PA =
133 . Shaded gray area represents 1  errors.
Fig. 3. Channel maps of H2CO 303–202 from 2.44–8.82 km s 1, Hanning smoothed to 0.336 km s 1 channels. Channel velocity is shown in the
upper right corner. Synthesized beam and AU scale are shown in the lower left panel.
calculated as the standard deviation of the response of emission-
free visibility channels to the template. To constrain the total flux
of the weaker lines, we compare the ratio of their peak filter
responses and the peak response of the H2CO 303–202 visibili-
ties (90 , Fig. 4). Under the assumption that all three observed
H2CO lines are co-spatial, the  -ratio can be used to estimate the
weaker line fluxes reported in Table 1. The response of the tem-
plate is limited by how well it spatially matches the emission,
thus making the derived line fluxes lower limits.
3.2. Modeling H2CO and C18O emission
Previous studies (Qi et al. 2011, 2015; Rosenfeld et al. 2013)
have attempted to use CO isotopologues to determine the radial
location of CO freeze-out in HD 163296. Qi et al. (2011) mod-
eled the 13CO isotope and found a distinct drop in abundance at
⇠155 AU, which they attributed to CO freeze-out. However, in
Qi et al. (2015) they claim 13CO is a less robust tracer as it is dif-
ficult to separate CO freeze-out from opacity e↵ects. 13CO may
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planetesimals by concentrating solid particles and prevent-
ing them from accreting onto the star [18,19]. In the last
case, a circular gap is expected when a forming planet is
orbiting in a disk. The orbital radius and mass of the planet
can be inferred from the location and shape of this gap [17].
For HL Tau, it has been suggested that the observed ringed
structure is due to the presence of Saturn-mass planets
orbiting at several tens of A.U. from the central star [20].
This implies that giant planets can form on much shorter
time scales, and at much larger distances from the central
star, than predicted by current planet formation models [6].
The initial results of ALMA observations are promisin
but key questions remain unanswered. In particular, it is not
clear if ringlike structures are common to all protoplanetary
disks. ALMA high angular resolution observations targeted
the most luminous disks first, and these may not be
representative of the bulk of the disk population.
Furthermore, dust continuum images do not probe the
distribution of the circumstellar gas and thus cannot
distinguish unambiguously between different formation
processes. Addressing such questions requires a multi-
pronged approach involving both large continuum surveys
of nearby protoplanetary disks with ALMA and in-depth
multiwavelength studies of the most relevant structures
revealed.
In this Letter, we report on the structure of the HD
163296 disk as revealed by ALMA observations of the dust
continuum emission and also line emission from three
isotopologues of carbon monoxide, 12CO, 13CO, and C18O.
HD 163296 is a young (5 Myr) intermediate mass (2.3M⊙)
FIG. 1. ALMA images of the HD 163296 disk emission recorded in 1.3 mm dust continuum (top left), 12CO (top middle), 13CO
(bottom left), and C18O (bottom middle) J ¼ 2 − 1 line emission. The angular resolution of the observations, 0.2200 × 0.1400, is indicated
by the filled white ellipse in the continuum image. The dashed ellipses in the CO maps indicate the locations of the dark rings seeing in
the continuum map. Azimuthally averaged profiles, normalized to the peak intensities, are shown in the right panels. They are calculated
by averaging on elliptical annuli with a position angle of 132°, an eccentricity of 0.7, and a width equal to 1=4 of the angular resolution
of the observations. The error bars are calculated by dividing the root mean square noise of the observations (see Table I in
the Supplemental Material [26]) by the square root of the number of independent beams in each annulus. The vertical lines indicate the
position of the dark (D) and bright (B) rings observed in the continuum map. The horizontal bar in the top right panel indicates the
angular resolution of the observations.
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• Recent observations by Cleeves et al. team
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• CH3OH detected in TW Hya (Walsh+16)

• Carney+19: HD163296

• Strict upper limit of CH3OH/H2CO<0.24

• cf. TW Hya: CH3OH/H2CO~1.27

• Harsher UV radiation from Herbig star 
destroys CH3OH upon photodesorption?

• Recent thermal evaporation event in TW Hya?
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Fig. 1: Spectra at the expected velocity of CH3OH observed
in the HD 163296 disk showing non-detections from aperture-
masked image cubes using an 800 diameter circular aperture
(black) and Keplerian-masked image cubes (magenta). The two
bottom spectra are observed in band 7 in 0.139 km s 1 channels
while the two top spectra are in band 6 in 0.303 km s 1 chan-
nels. The horizontal gray dashed line represents the spectrum
baseline, which is o↵set by 200 mJy for each line. The vertical
red dashed line shows the systemic velocity at 5.8 km s 1 (Qi
et al. 2011).
disks around HD 163296 and TW Hya based on data taken from
the literature. Finally, model spectra of the band 7 CH3OH lines
are created for HD 163296 and compared to the sensitivity of the
observations.
3.1. Line extraction
We attempt to extract the targeted CH3OH lines from the
CLEANed image cubes using a circular aperture with an 800 ra-
dius centered on the source, which yields no detections (see Fig-
ure 1). To increase the SNR we repeat this analysis after stacking
the CH3OH lines using di↵erent line stacking schemes. We fur-
ther attempt to increase the SNR of the CH3OH data by applying
masking techniques: Keplerian masking in the image plane, and
matched filter analysis in the uv plane to search for any signal in
the raw visibilities.
3.1.1. Line stacking
Stacking is done for band 6 and band 7 lines separately, and then
again for both bands together. The band 7 lines are more easily
excited due to their lower upper energy (Eu < 22 K) values com-
pared to the band 6 lines (Eu > 34 K; see Table 2), thus band 7
observations should be sensitive to lower CH3OH column den-
sities and should be easier to detect.
First, we stack the lines in the image plane by adding to-
gether the integrated intensity maps (v = 2.4   9.2 km s 1)
created from the CH3OH continuum-subtracted and uv-tapered
CLEANed image cubes. Second, we stack in the uv plane by
concatenating ALMAmeasurement sets prior to imaging. Stack-
ing in the uv plane is done using the casa cvel function, which is
used to regrid the velocity axis of line data and has the option to
combine visibility data for multiple lines. For uv stacking across
all bands, the band 7 lines are regridded to 0.303 km s 1 chan-
nels to match the channel width of the band 6 lines. Methanol
remains undetected after implementing the stacking methods de-
scribed above.
3.1.2. Keplerian masking in the image plane
For maximum SNR in the image plane, we apply a Keplerian
mask to the CLEANed image cube for each CH3OH line (Car-
ney et al. 2017; Salinas et al. 2017) to exclude noisy pixels that
are not associated with the emission expected from a disk in
Keplerian rotation. The mask is based on the velocity pro-
file of a rotating disk, which is assumed to be Keplerian with
vK =
p
GM/r around a central stellar mass of M = 2.3 M 
(Alecian et al. 2013). A subset of pixels (x, y, v) are identified in
the CH3OH image cubes where the Doppler-shifted line veloc-
ity projected along the line of sight matches the pixel Keplerian
velocity (x, y, vK) projected along the line of sight. Pixels with
velocities that do not match the Keplerian rotational profile cri-
teria are masked. Integrated intensity maps and disk-integrated
spectra are again created from the Keplerian-masked cubes of the
CH3OH lines individually and after line stacking; however, in all
cases, CH3OH remains undetected. Figure 1 shows the aperture-
masked spectra and the Keplerian-masked spectra of the four
methanol lines observed in HD 163296.
Upper limits on the integrated intensity for each CH3OH line
are calculated using the projected Keplerian mask (x, y, vK) de-
rived for the HD 163296 disk. To obtain the strictest upper lim-
its on the integrated line intensity, we include only the positions
and velocities associated with the disk. Therefore, the mask cube
contains pixels set equal to unity for (x, y, vK) positions only,
and all other pixels are set to zero. The upper limit is set at 3 
where   =  v
p
N rms,  v is the velocity channel width in km
s 1, N is the number of independent measurements contained
within the projected Keplerian mask, and  rms is the rms noise
per channel in mJy beam 1 (see Table 1). To account for corre-
lated noise within the size of the beam, we sum over all (x, y, vK)
pixel positions and divide by the number of pixels per beam,
nbeam pix, to get N = ⌃(x, y, vK)/nbeam pix, the number of inde-
pendent measurements over the integrated Keplerian mask. The
disk-integrated upper limits for each CH3OH line are listed in
Table 2.
3.1.3. Matched filter analysis in the uv plane
To maximize the SNR in the uv plane, we apply a matched filter
to the CH3OH line visibility data (Loomis et al. 2018). In this
technique, a template image cube is sampled in uv space to ob-
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H2CO and CH3OH
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• CH3OH detected in TW Hya (Walsh+16)

• Carney+19: HD163296

• Strict upper limit of CH3OH/H2CO<0.24

• cf. TW Hya: CH3OH/H2CO~1.27

• Harsher UV radiation from Herbig star 
destroys CH3OH upon photodesorption?

• Recent thermal evaporation event in TW Hya?
A&A proofs: manuscript no. carney_hd163296_ch3oh
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Fig. 1: Spectra at the expected velocity of CH3OH observed
in the HD 163296 disk showing non-detections from aperture-
masked image cubes using an 800 diameter circular aperture
(black) and Keplerian-masked image cubes (magenta). The two
bottom spectra are observed in band 7 in 0.139 km s 1 channels
while the two top spectra are in band 6 in 0.303 km s 1 chan-
nels. The horizontal gray dashed line represents the spectrum
baseline, which is o↵set by 200 mJy for each line. The vertical
red dashed line shows the systemic velocity at 5.8 km s 1 (Qi
et al. 2011).
disks around HD 163296 and TW Hya based on data taken from
the literature. Finally, model spectra of the band 7 CH3OH lines
are created for HD 163296 and compared to the sensitivity of the
observations.
3.1. Line extraction
We attempt to extract the targeted CH3OH lines from the
CLEANed image cubes using a circular aperture with an 800 ra-
dius centered on the source, which yields no detections (see Fig-
ure 1). To increase the SNR we repeat this analysis after stacking
the CH3OH lines using di↵erent line stacking schemes. We fur-
ther attempt to increase the SNR of the CH3OH data by applying
masking techniques: Keplerian masking in the image plane, and
matched filter analysis in the uv plane to search for any signal in
the raw visibilities.
3.1.1. Line stacking
Stacking is done for band 6 and band 7 lines separately, and then
again for both bands together. The band 7 lines are more easily
excited due to their lower upper energy (Eu < 22 K) values com-
pared to the band 6 lines (Eu > 34 K; see Table 2), thus band 7
observations should be sensitive to lower CH3OH column den-
sities and should be easier to detect.
First, we stack the lines in the image plane by adding to-
gether the integrated intensity maps (v = 2.4   9.2 km s 1)
created from the CH3OH continuum-subtracted and uv-tapered
CLEANed image cubes. Second, we stack in the uv plane by
concatenating ALMAmeasurement sets prior to imaging. Stack-
ing in the uv plane is done using the casa cvel function, which is
used to regrid the velocity axis of line data and has the option to
combine visibility data for multiple lines. For uv stacking across
all bands, the band 7 lines are regridded to 0.303 km s 1 chan-
nels to match the channel width of the band 6 lines. Methanol
remains undetected after implementing the stacking methods de-
scribed above.
3.1.2. Keplerian masking in the image plane
For maximum SNR in the image plane, we apply a Keplerian
mask to the CLEANed image cube for each CH3OH line (Car-
ney et al. 2017; Salinas et al. 2017) to exclude noisy pixels that
are not associated with the emission expected from a disk in
Keplerian rotation. The mask is based on the velocity pro-
file of a rotating disk, which is assumed to be Keplerian with
vK =
p
GM/r around a central stellar mass of M = 2.3 M 
(Alecian et al. 2013). A subset of pixels (x, y, v) are identified in
the CH3OH image cubes where the Doppler-shifted line veloc-
ity projected along the line of sight matches the pixel Keplerian
velocity (x, y, vK) projected along the line of sight. Pixels with
velocities that do not match the Keplerian rotational profile cri-
teria are masked. Integrated intensity maps and disk-integrated
spectra are again created from the Keplerian-masked cubes of the
CH3OH lines individually and after line stacking; however, in all
cases, CH3OH remains undetected. Figure 1 shows the aperture-
masked spectra and the Keplerian-masked spectra of the four
methanol lines observed in HD 163296.
Upper limits on the integrated intensity for each CH3OH line
are calculated using the projected Keplerian mask (x, y, vK) de-
rived for the HD 163296 disk. To obtain the strictest upper lim-
its on the integrated line intensity, we include only the positions
and velocities associated with the disk. Therefore, the mask cube
contains pixels set equal to unity for (x, y, vK) positions only,
and all other pixels are set to zero. The upper limit is set at 3 
where   =  v
p
N rms,  v is the velocity channel width in km
s 1, N is the number of independent measurements contained
within the projected Keplerian mask, and  rms is the rms noise
per channel in mJy beam 1 (see Table 1). To account for corre-
lated noise within the size of the beam, we sum over all (x, y, vK)
pixel positions and divide by the number of pixels per beam,
nbeam pix, to get N = ⌃(x, y, vK)/nbeam pix, the number of inde-
pendent measurements over the integrated Keplerian mask. The
disk-integrated upper limits for each CH3OH line are listed in
Table 2.
3.1.3. Matched filter analysis in the uv plane
To maximize the SNR in the uv plane, we apply a matched filter
to the CH3OH line visibility data (Loomis et al. 2018). In this
technique, a template image cube is sampled in uv space to ob-
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H2CO extends across the disks. 
Increased H2CO beyond mm-disk: link to 
increased UV penetration? 
CH3OH should be common, but does not 
appear to be so: dependency on desorption 
process (UV vs thermal)? 
? inform about small dust content
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Conclusions
• Several simple molecules are readily detected and show clear radial structure
• N2H+, DCO+, H2CO
• Radial distribution can be linked to the role of dust in the disk
• by regulating the temperature structure
• by regulating the UV penetration
• ? Chemistry of these simple molecules provides independent and much 
needed constraints on the distribution of large and small dust particles
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